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FOREWORD 

The materiel in this paper was presented at the Case Foi Mars Conference, 
Boulder, Colorado, April 30, 1981 . This paper in its entirety, will be publish- 
ed bv the Boulder Center for Science and Polity Any inquiries for official 
comerence papers and proceedings should be directed to: 

Case For Mars 
P. O. Box 4877 
Boulder, CO 80306 


This pre-print was prepared solely for internal use by NASA. 


LIST OF ACRONYMS 


ARS Air Revitalization System 

ARX-1 Air Revitalization System (Experimental) - 1 person 
ASF Amps per Square Foot 

CELSS Controlled Ecological Life Support System 

C/M I Control/Monitor Instrumentation 

CRT Cathode Ray Tube 

EC/LSS Environmental Cont;ol/Life Support Systems 

EDC Electrochemical Depolarized Concentrator 

EDO Enhanced Duration Orbiter 

! ars Independent Air Revital'zation System 

NSS Nitrogen Supply Subsystem 

OGS Oxygen Generation Subsystem 

PEP Power Extension Package 

R&D Research and Development 

RLSE Regenerative 1 if r Support Evaluation 

RO Reverse Osmosis 

SF-WES Static Feed - Wate. Electrolysis Subsystem 
SOC Space Operations Center 

SPE-WES Solid Polymer Electrolyte - Water F.lectrolysis Subsystem 
SR&Y Suppoi ting Research and Technology 

SSP Space Station Prototype 

TIMES Thermoelectric Integrated Membrane Evaporation Subsystem 

VCD Vapor Compression Distillation 

WVE Water Vapor Electrolysis 
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INTRODUCTION 

Extended manned space missions, including in- 
terplanetary missions, will require regenerative life 
support systems In order to place manned mission 
life support considerations into perspective, this 
pape- will review previous manned space life support 
system technology, activities and accomplishments 
in NASA's current supporting research and technol- 
ogy (SR&T) program, the life support subsystem/ 
system technologies required for an Enhanced Dura- 
tion Orbiter (EDO) and a Space Operations Center 
(SOC), regenerative life support functions and 
technology required for manned interplanetary flight 
vehicles, and future development requirements 


BACKGROUND 

The life support systems technology utilized on Pro- 
jects Mercury, Gemini and Apollo used expendables: 
liquid oyygen (0$) for breathing; lithium hydroxide 
(LiOH) canisters for carbon dioxide (CO 2 ) removal; ac- 
tivated charcoal canisters for trace contaminant 
removal; stored water for drinking and washing; stored 
freeze-dehydrated food, urine collection and storage 
and/or overboard dump; and collection, stabiliza- 
tion/treatment and storage of solid waste. These 
spacecraft had an atmosphere of 5 psia O 2 with no in- 
ert diluent gas 

Skylab utilized a two-gas atmosphere (N 2 diluent at 1 .5 
psia) with a total pressure of 5 psia. Skylab aiso usod a 
regenerable C0 2 removal subsystem (molecular 
sieve/silica gel adsorption beds). 


ever, for some missions of only 40 person-day dura- 
tions the penalties for utilizing the expendable ap- 
proach will exceed ary drawbacks of regenerative 
systems. Equivalent weight trade-off of regenerative 
vs total expendable (open loop) life support systems is 
shown in Figure 1. 
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Figure 1. Regenerative vs Open Loop EC/L3S 


The Space Shuttle Orb'ter (Space Transportation 
System) ushers in a new C'a in American manned 
space vehicles. Not on!y is the Shuttle a reusable 
spacecraft, but the space cabin atmosphere is main- 
tained at Earth ambient pressure of 14.7 psia (20% 0 2 
and 30% N 2 ). The early Shuttle flights will be seven- 
day flights, and the life support system flight hardware 
will still utilize expendables. 


ADVANCED LIFE SUPPORT 
SYSTEMS TECHNOLOGY 

Growth in space transportation capability will provide 
extended stay times for the Shuttle Orbite f . permanent 
manned facilities in low earth orbit, and ultimately, 
manned planetary vehicles. Regenerative life support 
technology is one of the rale controlling technologies 
for future manned space habitability including EDO, 
SOC and future manned planetary flight vehicles. 

Tne use of expendables for life support, rather than 
.egenerative techniques, for future manned missions 
beyond the seven-day Shuttle Orb'ter, will become pro- 
hibitively expensive in terms of logistics costs. Forex- 
ample, the Skylab missions required the launching of 
12,000 pounds of water Regenerative systems hard- 
ware tends to be bulkier, heavier and more power con- 
suming than short-term expendable sys.jms. How- 


Advanced life support systems technology also re- 
ferred to as Environmental Control/! ife Support Sys- 
tems (EC/LSS), consists of a number of areas in- 
cluding air revitalization, wate r reclamation, solid 
waste management, food service, and control/monitor 
instrumentation. 

1. AirRevitalizati n System — This system integrates 
processes (subsystems) for: C0 2 removal, C0 2 
reduction, 0 2 generation, N 2 generation, humidity 
control, water handling, trace contaminant contra', 
and control/monitor instrumentation for sub- 
system and integrated system operation 

2. Water Reclamation System — This system pro- 
vides integra ^ processes for recovery of polable 
water from fue. cell water, cabir humidity conden- 
sate, wash water and urine The system(s) must also 
include provisions for water quality monitoring, 
sterilization, and control/monitor instrumentation 
for subsystem and integrated system operation. 

3. Solid W. te Management System - This system 
includes the collection, transfer, treatment ano 
subsequent storage of treated/stabilized vaste 
masi. Treatment processes are designed to 
mi'-MT^ze storage requirements, increasing in com- 
plexity from vacuum drying to sterilization tooxida- 
tion. Fecal water reclamation is feasible, but it is 
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impractical unless the solid waste treatment pro- 
cess can totally oxidize solid organic wastes. Fecal 
treatment leading to food generation is considered 
to be part of the Controlled Foological Life Support 
System (CELSS) program and is not included in this 
paper 

4. Food Service System — This system involves 
packaging, storage and service of expendable 
foods for maintenance of proper human nutrition. 

5. Control/Monitor Instrumentation — This technol- 
ogy category deals with the control, monitoring and 
fault diagnostic instrumentation required for 
reliable computer-controlled subsystem and/or 
system operation. 

All of these technology areas, with the exception of 
Food Service System s, will be discussed in this paper. 
This paper will emphasize the technology develop- 
ments in Air Revitalization because of their relative 
complexity ai id the corresponding amount of SR&T 
activities con.pleted and currently underway. 

AIR REVITALIZATION 

C0 2 Removal 

Regenerable C0 2 removal techniques can utilize 
cyclic sorbers or continuous C0 2 removal processes 
such as an Electrochemical Depolarized Concentrator 
(EDC). 

C0 2 Sorter* 

Some solid materials such as molecular sieves or 
solid amines have the capability of preferentially ad- 
sorbing gases ?uch as C0 2 on their surfaces. The ad- 
sorbed gases can then usually be desorbed by a com. 
bination of thermal and vacuum treatment prou^es. 
In all sorber system applications continuous adsorp- 
tion capability Is achieved only by using parallel ad- 
sorption beds which alternately cycle between adsorp- 
tion and desorption operational modes. 

Adsorption materials cannot provide a constant ad- 
sorption rate for any gas since the adsorption rate and 
capability of the material are dependent on the quanti- 
ty of gas airo&Jy adsorbed on the material. The adsorp- 
tion rates attainable with a “nearly-spent'* adsorption 
material are very low. As a result, the maintenance of 
low cabin partial pressures of the gas in question (e.g., 
pCC 2 = 2-3 mm Hg) necessitates frequent bed recycl- 
ing and large volume beds. 

The molecular sieve material used for Skyiab is a good 
C0 2 adsorber, but the material also preferentially ad- 
sorbs water vapor vs C0 2 . Therefore, a silica gel sorber 
bed was required in series with the molecular sieve 
bed in order to preserve the C0 2 adsorption capability. 
The desorption cycle consisted of thermal treatment 
a~ J overboard venting of the C0 2 and water vapor to 
space vacuum. 

References cited ere listed at end of paper. 


Solid amine C0 2 adsorption material is made from a 
spherical porous substrate coated with a non-volatile 
liquid amine The substrate is a polymeric acrylic ester 
similar to plexiglas and the coating is a polyethyl- 
enimine with a molecular weight of 1800. The solid 
amine adsorbs C0 2 and also adsorbs water vapor. 

The thermal/vacuum operational desorption mode for 
solid amines also involves the overboard venting of 
C0 2 and water vapor adsorbed on the bedO). Such ver.t- 
ing by any sorber subsystem may be used only on mis- 
sions in which overboard C0 2 and water vapor dump- 
ing is permissible and advantageous. The solid amine 
sorber subsystem does, however, offer advantages 
over the silica gel/molecular sieve subsystem: lower 
weight, lower volume, reduced cabin heat load, and 
lower power requirements. The solid amine material 
has demonstrated negligible off-gassing (i.e., am- 
monia) with 1300 hours of endurance test time. 

The solid amine C0 2 adsorber subsystem has also 
been proposed to be used in a steam ' "sorbed mode 
(212 F, 14.7 psia), so that interfacing wi spacecraft 
C0 2 reduction subsystem is possible! 2 ). Before this 
operational mode can be seriously considered the 
stability of the resin bed to a significant number of 
steam desorption cycles must be demonstrated, 
which has not occurred to date. 


EDC 

The EDC offers significant operational advantages 
and weight savings over nor-regenerative techniques 
and sorber beds, especially at low cabin C0 2 partial 
pressures (2-3 mm Hg.)tf). 

The EDC Is an electrochemical method that con- 
tinuously removes C0 2 from a flowing air stream and 
concentrates the C0 2 to a level useful for 0 2 recovery. 
The C0 2 removal takes place in an electrochemical 
module consisting of a series of cells. Each cell (see 
Figure 2) consists of two electrodes separated by a 
matrix containing an aqueous carbonate electrolyte 
(Cs 2 C0 3 ). Plates adjacent to the electrodes provide 
passageways for distribution of gases and electrical 
current. The electrochemical and chemical reactions 
that take place are: 


Cathode: 

0 : -i- 2H 2 0 + 4e- = 40H- 

40H- 4- 2C0 2 s 2H 2 0 + 2C0 3 -2 

Anode: (depolarized with H 2 ) 

2H 2 +4 OH* = 4H 2 0 4 - Ac 

2C0 3 - 2 4 - 2H 2 0 = 40H- 4 - 2C0 2 

Overall: 

2 C0 2 4 - C 2 + 2H 2 =: 2CO- * 2H 2 0 + 
electrical energy & heat 
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Figure 2. EDO Cell Functional Schematic 


Two moles of CO 2 are theoretically transferred for one 
mole of 0 2 consumed. Ttvs ratio represents the pro- 
cess efficiency, and 100% efficiency occurs when 275 
g of CO 2 is transferred for each g of 0 2 consumed. The 
electrical power produced by the EDC can be directly 
utilized by the Oxygen Generation Subsystem. 


Considerable research and development work has 
been carried out with this concept and has resulted in 
increased process efficiency, demonstrated long-term 
performance and advanced hardware development 
status^. Extended testing with EDC modules (single 
cells to six-person cell stacks) has exceeded over 
2,000,000 cell-hours. Recent devslonrnents in the R&D 
program have resulted in a one-nsrson capacity liquid- 
cooled module that has demonstrated a constant C0 2 
removal efficiency of 91% over an inlet relative 
humidity range of 16-75%. In addition, this advanced 
module has demonstrated a static pressure differen- 
tial capability of 60 psid, which is extremely important 
in interfacing with the Sabatier C0 2 reduction sub- 
system. 

A three-person capacity EDC subsystem has been 
developed for the Regenerative Life Support Evalua- 
tion (RLSE) p.ogram (see Figure 3)< 5 i. The EDC module 
in this subsystem is aircooled, has demonstrated in 
excess of 72% C0 2 removal efficiency at 85% inlet 
relative humidity, and the C0 2 removal efficiency was 
increased by approximately 12% by operating t^a 
module at a 60% inlet relative humidity. 

C0 2 Reduction 

There are two principal methods for combining CO 2 
with H 2 to form water for the eventual recovery of 0 2 
These are the Sabatier and Bosch processes. The fac- 
tors that govern process selection deal with the 
availability of H 2 and tne requirement for no overboard 
dumping of gases. 
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Figure 3. Three-Person RLSE CO* Removal Subsystem 
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Sabatier Process* 61 

This C0 2 reduction process is ideally suited for an air 
revitalization system that uses a hydrazine- based N 2 
generation subsystem. C0 2 and H 2 from the EDC enter 
the Sabatier reactor (see Figure 4) and are converted to 
methane (CH 4 ) and water per the following reaction: 

4H 2 -i- C0 2 ~ 2H 2 0 + CH 4 + heat 

The reaction occurs around 700 F and is aided by a 
catalyst. The water is condensed in a liquid cooled 
porous plaque condenser/separator The exhaust 
gases, primarily CH 4 , are vented overboard. Single 
pass high conversion efficiency (98-99%) subsystems 
have been developed. 





Figure 4. Sab- der Reactor 


Bosch Process* 7 ) 

This C0 2 reduction process reduces C0 2 and H 2 to 
solid carbon (C) and water The reaction occurs in the 
range of 980 1340 F in the presence of an iron (Fe) 
catalyst. The overall reaction is 1 

C0 2 + 2H 2 s C + 2H 2 0 + heat 

In practice, single p=i3s efficiencies through the Bosch 
reactor are less than 10%. Complete conversion is ob- 
tained by recycling the process gases with continuous 
deposition of carbon and removal of water vapor. The 
recycled gas mixture contains C0 2 , carbon monoxide 
(CO), water vapor and CH 4 The carbon remain3 in the 
reactor and is collected in expendable cartridges. The 
Bosch development efforts have been limited, and a 
laboratory breadboard subsystem is shown in Figure 5. 

In terms of equivalent weignt, the Sabatier and Bosch 
C0 2 reduction processes trade off as shown in Figure 
6 for an 8-person capacity SOC Application. The Bosch 
CO 2 reduction process does not trade off favorably 
with a Sabatier oriented ARS that uses a hydrazine- 
based N 2 generation subsystem. However, as cabin at- 
mosphere leakage is reduced (less H 2 available for 
C0 2 reduction) and/or overboard venting of gases 
becomes detrimental to a mission, the Bosch process 
becomes attractive. 

Oxygen Generation 

Oxygen generation in a regenerative air revitalization 
system involveselectrolyzing water recovered from on- 


1 
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Figures. Boech Laboratory Breadboard Subsystem 
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Figure 6. Comparison o! C0 2 Reduction 
Subsystem Concepts 

board waste water sources, cabin humiditycondensate 
and from the C0 2 reduction process. In the electrol- 
ysis subsystems the electrolyte must be maintained 
between the electrodes, and the water that is electro- 
lyzed must be replenished. This is not a simple task in 
zen gravity. 

Two liquid-feed water electrolysis concepts offer the 
potential for minimizing and containing bulk alec 
trolyte and maximizing the subsequent reliability and 
safety or *he 0 2 Generation Subsystem (OGS). These 
two concepts are the Solid Polymer Electrolyte (SPE- 
Wfco) and Static Feed (SF-WES) Water Electrolysis 
Subsystems. 


with two electrodes and must be kept moist. In the 
case represented in Figure 7, the cathode cavity is 
flooded with liquid water. The electrochemical reac- 
tions that occur are: 


Cathode: 

4H + + 4e- = 2H 2 

Anc r. 

2H 2 0 = 4H+ + 4e- + 0 2 

A three-person capacity SPE-WES OGS that Includes a 
twelve-cell electrolysis modulo (see Figure 8), has 
been developed for the RLSE program. This sub- 
system has demonstrated voltages of approximately 
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SPE WES<»> 


The SPE-WES uses a perfluorinated sulfonic acid 
polymer membrane electrolyte in the electrolysis cells 
(see Figure 7). The electrolyte membrane is in contact 



Figure 7. SPE-WES C mi Functional Schematic 


Figure 8 RLSE SPE-WES Module 


1.6 volts (V) at operating conditions of 180 F and a cur- 
rent density of 150 Amps per square foot (ASF). This 
subsystem offers advantages over other acid elec- 
trolyte water electrolysis technologies (low voltages 
and no free electrolyte in the subsystem), but it does 
require subsystem support components (and com- 
plexities) to deal with gas/liquid separation and 
removal of dissolved gases in the condensed water 
exhaust. 


SF-WFSW 

This concept utilizes statk'-feed water addition to an 
alkaline electrolyte (see Figure 9). The u/«ter is fed aa 
vapor through the H 2 cavity to the electrolysis site 
(cathode/matrix/anode composite assembly). The 
reactions occurring in the alkaline electrolysis cells 
are: 


Cathode: 

4H a O 4- 4a- = 2H 2 + 40H- 

Anode: 

40H - = 2H 2 0 + 0 2 ♦ 4e- 
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Figure t. SF-WEI Call Functional Schematic 


Figure 10. One-Fereon SF-WES DOS 


Initially tha water feed cavity, the water feed matrix 
^nd the cell matrix (with electrodes) contain an 
aqueous solution of potassium hydroxide (KOh) elec- 
trolyte at equal concentrations. When power is applied 
to the electrodes, water from the cell electrolyte is 
decomposed and the coil electrolyte concentration in- 
creases, with a resultant decrease in electrolyte vapor 
pressure. Tne vapor pressure of the electrolyte in the 
feed matrix causes water vapor to diffuse through the 
H 2 cavity and .o oc aosorbed in the cell electrolyte 
matrix. Th.a process establishes a new equilibrium 
based on the water requirements for electrolysis and 
humidiflcat! jn of the product gases and continues as 
long as electrical power is applied to the cell elec- 
trodes. When electrical power is discontinued, water 
vapor will continue to diffuse across the Mg cavity until 
the electrolyte concentration in the cell matrix is equal 
to that in the water feed matrix and the water feed 
compartment. 

Th» static-feed water addition concept is simple, 
reliable and minimizes subsystem components and 
controls. In addition, the use of alkaline electrolyte 
allows low cell voltages, which result in iow power 
penalties. Long duration testing with the S*-W£8 and 
electrochemical modules has demonstrated voltages 
of 1.45-1. 49V at operating conditions of 190 F and a 
current density of ISO ASF. 

A self-contained one-person capacity SF-WES has 
been developed and is currently undergoing tests (see 
Figure 10). 

Nitrogen Generation 

With the advent of a two-gas space cabin atmosphere 
using nitrogen (Ng) ee the diluent, etorege and supply 
of N a for cabin leakage maka-up la aaaentlal. Tha 
praftrrad net hod of providing Ng make-up it to store 
the Ng as hvlrazlne (NgH^, to cetalytlcally dissociate 


the N 2 M 4 into N 2 and H 2 , and to separate the N 2 and H 2 
gases< 10 >. This concept is especially attractive if the 
Gebatier C0 2 reduction process is utilized <93e Figure 

6 ). 

This Nitrogen Supply Subsystem (NSS) has a module 
containing catalytic dissociation and Pd/Ag passive 
gas separation stages. Dissociation of N 2 H*(at 13SC F , 
250 psia) involves the equilibria in the following 
reactions: 

(1) N 2 H 4 * %N 2 + 

(2) %NM 3 * %N 2 ♦ 2H 2 

A staging concept ho* been developed in order to 
separate the H 2 frem the product N 2 and to reduce the 
NH 3 concentration in the proo^ct N 2 gas. A schematic 
demonstrating raging concept is shown in Figure 

11. All of the N 2 H 4 end some Nh : ere catalyticaiiy 
dissociated in the first stage. The t\U, H 2 and non- 
dlssociatad NH 3 antar the first H 2 tap* f stion stage 
where most (90%) of the H 2 ia removed ano collected 
for use in the C0 2 reduction subsystem. The i\S pro- 
duct gas stream than passes successively through 



Figure 11. Nitrogen Generation Subsystem 
Sehematlc 
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tnree additional dissociation/separation stages. This 
alternate dtssociation/soparat'on staging i-r.d subse- 
quent venting of H 2 to vacuum ( 10 %) is necessary to 
favor further Nf^dissociation and thus to Sower the H 2 
and NH 3 concentrations in the product N 2 . A nitrogen 
generation module that Includes these stages is 
shown in Figure 12. Testing with this NSS hardware 
has demonstrated that the product N 2 stream contains 
less than 10 ppm NH 3 anc 0.5% H 2 . 

Nitrogen generation using hydrazine should oe con- 
sidered as both a spacecraft resource or function and 
an air revitalization function. The hydrazine based N 2 
generation approach utilizes expendable N 2 H 4 (11 
ib/day) to generate N 2 (9.6 ib/day) and provides H 2 (1 .23 
Ib/day) for air revitalization, it is assumed that the NSS 
will be located external to the manned space cabin 
with bulkhead feedthroughs for product N 2 and H 2 . 
This subsystem isolation not onlycontributesto safety 
considerations, but passive thermal control of the N 2 
generation module and the use of space vacuum for 
byproduct H 2 would also be poasib'e 


Trace Contaminant Control 

Contaminants in manned spacecraft emanate from 
bot the crew ar.d the equipment. As mission dura- 
tions, vehicle sizes, crew sizes, and vehicle payload 
and experiment complexities increase and as 
spacecraft leak rates decrease, there wilt ue a con- 
comitant increase in concentration and variety of 
potential contaminants. In addition, the increased 
crew exposure time (witn longer mission durations) 
will dictate a reduction in *he allowable contaminant 
concentrations. 

A spacecraft contaminant control subsystem that 
deals with an expected wide variety of contaminants 
will involve several elements including catalytic oxida- 
tion, charcoal adsorbers and chemical absorbers. No 
single contaminant control process is suitable for all 
contaminants. Seme, such as CO, CH 4 and H 2 , can be 
catalyticatly oxidized to C0 2 and water relatively easy. 
Some gases will poison oxidation catalysts and must 
be removed by pre-sorbent beds to protect the 



/AV/ 

. / A 


ORIGINAL Pv... :':s 

OF PGG3 QckLi.Y 



\ 


catalyst. Some gases, when oxidized, form extremely 
toxic subs;ances (i.e., fluorocarbons form carbonyl 
fluoride) that must be removed by post-sorbent beds, 
and some organic materials cannot be oxidized effi- 
ciently and must be adsorbed 
A Jimited amount of wotk has been performed on ad- 
sorber/absorber characterization and on catalytic ox- 
idation schemes. Some development efforts have also 
been directed toward regeneration of activated char- 
coal. These contaminant control RAD efforts have 
been very sporadic, and the technology has not pro- 
gressed sufficiently to be commensurate with other 
regenerative air revitalization processes 

Air Revitalization 3 stem Integration 

As mentioned previously, an Air Revitalization System 
(ARS) requires the individual subsystem technologies 
Mated in Figure 13. An engineering breadboard in- 
tegrated air revitalization system (ARX-1), inc'** ^ng ail 
ARS subsystem functions with the exception or con- 
taminant control has been fabricated (see Figure 14). 



i 
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Figue 13. Air Revitalization System Slock Diagram 


Preliminary testing of the ARX-1 was conducted for a 
period of 120 days and included checkout, shakedown 
and endurance tasting. Almost 500 hours of integrated 
operation at nominal steady-state conditions cor- 
responding to a one parson level were achieved. Addi- 
tional testing, currently underway, will examine sub- 
system Interactions by varying parameters such as 
CO? generation rata, humidity load, coolant temper- 
ature and power availability. On# goal of th‘s testing is 
to demonstrate the readiness of this . *agratsd air 
revitalization system for prototype development end 
flight demonstration. 


CofttreUMoiiitor Instrumentation 

A major development goal of the advanced life support 
program Is long duration oparkfion with minimal ser- 
vicing aid maintenance SMhe craw and tha avoidance 


Figure 14. ARX-1 


o' excessive crew training requirements. An in- 
tegrated air revitalization system, for example, con- 
tains a rango of electrochemical, chemical ™chan- 
ical and electrical components/subsysivms; and 
automatic process control and monitoring are ar ab- 
solute necesst.y. 

This computer-based Control/Monitor Instrumenta- 
tion (C/M I) must provide monitoring capability, con- 
trol functions including subsystem system n. ode tran- 
sitions; and fault diagnostics including rauit predic- 
tion, fault detection, fault isolation, fauit correction, 
and fault correction instructions. In addition, tha C/M I 
hardware and softwa must be M or arator error 
proof " 

Advanced life support C/M t developme. i have pro- 
gressed along with current life support technology ad- 
vancements. The eariy stages of C/M I development 
provided for manual or automatic oration. C/M l 
develop nent haa progressed through the hard wired 
primary and emergency controller stage to a program- 
mable mini-computer with a customized keyboard for 
operato* commands, a Cathode Ray Tub5 .^RT) for 
operate. /system messages, a system status pane) a 
system control panel, and an actuator overnov panel 
(see figure 15) 

The - .H rent stage of developmental C/M I is dedicated 
to tha control and monitoring of engineering bread- 
board systems, such as the ARX-1 (aaa Igurt K). Teat 
programs with advanced life support developments 
hardware involve off-deslgn, parametric and life 
testing. Therefore, C/M I components such ss an ac- 
tuator over: )e panel are included Advanced life sup- 
port flight hardware will, of courts, be dedicated to 
steady state operation; and tha same is true tor the 
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Independent Air Revitalization System 
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NASA has investigated partial air revitalization 
systems for intermediate manned space applications 
One of these is an Independent Air Revitalization 
System {JARS), which is perceived as a “semi- 
portable" ARS. The IARS includes a water vapor elec- 
trolysis (WVE) subsystem and an EDC subsystem. The 
IARS provides simultaneous C0 2 removal, 0 2 genera- 
tion and partial humidity control^ 1 ). The IARS can 
operate as a separate system, or it can operate as a 
back-up to a central ARS, described previous 1 ''. A 
schematic of the IARS is shown in Figure 18. 



•TO COj EDUCTION SUBSVS-fM 
OR VINT 


Figure 18. IARS Schematic 


Wator Vapor Electrolysis Subsystem 

The WVE subsystem, which uses a hygroscopic elec- 
trolyte (H 2 S0 4 ), absorbs wcter vapor from the cabin air 
stream and generates 0 2 and H 2 per the following 
reactions: 

Anode: 

H 2 0 = V 2 O 2 + 2H+ + 2e- 
Cathode: 

2H + + 2e- = H 2 

A functional WVE cell schematic is shown in Figure 
19. Cabin air moisture is absorbed at the anode/elec- 
trolyte interface and the 0 2 generated by electrolysis 
r leased Into the cabin air flowing through the 
anode compartment. Hydrogen (H 2 ) is generated at the 
cathode and is utilized at the anode of the EDC 
subsystem. 


EDC Subsystem 

The FOC subsystem technology used in the IARS has 
already tean described in an earlier section of this 
pape r : ar.u the subsystem electrochemical module 
hardware Is similar to the EDC RLSE hardware shown 
In Figure 3. 



Figure 19. WVE Cell Functional Schematic 


IARS Development Unit 

A functional IARS development unit has been 
developed for the NASA RLSE program {see Figure 20), 
and a ninety (90) day characterization/endurance test 
program has been successfully completed with this 
three-person capacity IARS. Characterization testing 
included measuring the effect of cabin air pC0 2 and 
moisture levels on electrochemical cell performance 
(EDC and WVE cell voltages) and on C0 2 removal effi- 
ciency. For nominal operating conditions the EDC 
voltage averaged 0.4 V/celi at 20 ASF while the WVE 
voltage was 1 .70 V/cell at 42 ASF. The C0 2 removal effi- 
ciency averaged 80% (2.2 lb. of C0 2 removed per 
pound of 0 2 consumed). Additional testing of the 
above unit is scheduled. 


WATER RECLAMATION 

Water reclamation in a manned spacecraft is of equal 
importance with air revitalization. Water reclamation 
involves processes to reclaim water from waste water 
sources such as fuel cell water, cabin humidity con- 
densate, wash water and urine. These waste water 
sources represent increasing degrees of contamina- 
tion and will generally require reclamation processes 
of increasing complexity. Various processes, in- 
cluding multi-filtration, phase change and membrane 
processes, have been investigated for these applica- 
tions; and limited subsystem and component develop- 
ment efforts have been undertaken to date. 

Recovery of fecal water is considered to be difficult 
but feasible. Fecal water reclamation will be discuss- 
ed briefly In the solid waste treatment section of this 
paper. 
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Figure 20. IARS RLSE Development Hardware 


Multi-Filtration 


Vapor Compression Distillation 


Multi-f iltrat ion processes can be used for treating 
waste water containing contaminants in low concen- 
trations (e.g., fuel cell water, cabin humidity conden- 
sate, and possibly wash water) Typically, a multi- 
filtration process will include a particulate/bactenal 
filter, an activated chaxoal canister, an anion ex- 
change resin bed, and a cation exchange resin bed< 12 ) 
Very Tittle development work has been performed in 
this area, and this process technology will not be 
discussed in further detail in this paper. 

Phase Change Processes 

Ftiaae change processes that have been considered 
for spacecraft water reclamation from waste water 
sources such as urine include air evaporation, vapor 
compression distillation, vapor diffusion/evaporation, 
and a relatively new concept that uses vapor phase am- 
monia removal. In adistillation/cordensation process, 
the goal is to retain the solute? (in a stabilized form) in 
the evaporator and to reclaim the energy involved with 
the vaporization process. Three of these concepts will 
be discussed in the following sections of this paper. 


A Vapor Compression Distillation (VCD) process 
schematic is shown in Figure The recovery of la- 
tent heat in the VCD process is accomplished by com- 
pressing the vapor to raise its saturation temperature 
andthencondensingthevaporon asurfacewhich is in 
thermal contact with the evaporator. The resultant 
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Figure 21. Vapor Compression DtstiMation 
Schematic 
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heat flux from the condenser to the evaporator is suffi- 
cient to evaporate an equal mass of water Thus the 
latent heat of condensation is recovered for the 
evaporation process; and the only energy required by 
the process is that necessary to compress the vapor 
and to overcome the thermal and mechanical in- 
efficiencies. 

The VCD process occurs in a 70 to 95 F temperature 
range by maintaining a nominal condenser pressureof 
070 psia. The evaporator, condenser and condensate 
collector are rotated at approximately 220 rpm to pro- 
vide zero-gravity phase separation. The VCD com- 
ponents are sized to recover 96% of the water from the 
waste water feed by concentrating this feed stock to 
50% solids. The VCD process requires pretreatment 
chemicals to complex with urea and to provide anti- 
foaming in the evaporator. The product water from this 
subsystem requires post-treatment in charcoal and 
ion exchange beds in order to remove trace amounts of 
organic materials and dissolved NH 3 , and the product 
water also requires the addition of small amounts of 
biocide to control bacterial growth. 

Testing of two six-person capacity preprototyoe VCD 
units (one shown in Figure 22) has been completed 
with over 1000 hours of test time accumulated on each 
umt. Pretreated urine has been concentrated to 50% 
solids with water quality at proiected levels (pH 5.0, 
conductivity of 16 ^mhc/cm nominal). Specific 
energies, expressed in watt-hours per pound of water 
recovered (the key VCD performance parameter), 
averaged from 45 to 55 W-h/lb. Additional testing of ex- 
isting VCD units plus the development of an advanced 
development unit are underway. 



Figure 22. VCD Water Recovery Subsystem 


Thermoelectric Integrated Membrane 
Evaporation Subsystem 

A schematic of the Thermoelectric Integrated Mem- 
brane Evaporation Subsystem (TIMES) is shown in 
Figure 23. This concept! 14 ) recovers the latent heat of 
condensation and transfers this heat to the evaporator 



Figure 23. Thermoelectric Integrated Membrane 
Evaporation Subsystem 
Functional Schematic 

via a thermoelectric heat pump. Waste water (urine), 
pretreated with a sulfuric acid/chromium trioxid^ solu- 
tion, is heated to approximately 150 F in the ther- 
moelectric heat exchanger, and the heated waste 
water is pumped through a hollow fiber polysulfone 
membrane evaporator module. The exterior of the 
module tubes is exposed to reduced pressure, and 
water evaporates from the tube surface and is con- 
densed on a chilled porous plate surface in thermal 
contact with the cold junction surfaces of the ther- 
moelectric heat exchanger. The heat of vaporization is 
provided by recycling the waste water to the heat ex- 
changer where it is reheated and recycled. The product 
water from this subsystem concept requires the same 
post-treatment steps as those used by the VCD pro- 
cess. Typically the solids concentration in the recycle 
loop gradually increases until 95% of the original 
water is removed and the solids concentration is ap- 
proximately 40%. At this point, the recycle tank con- 
taining the concentrated waste water siudge is re- 
moved for storage and a replacement tank is installed 
The energy requirements for this process are primarily 
for the thermoelectric heat pump and for the sub- 
system pumps (recycle, cooling, and condensate). 

A photograph of TIMES development hardware is 
shown in Figure 24. This subsystem has undergone 
limited testing and an analysis of subsystem perfor- 
mance cannot be made at this time. 


Vapor Phase Catalytic Ammonia Removal 

Ultimately, a water reclamation process that requires 
neither pretreatment nor post-treatment expendable 
chemicals would be desirable for manned spacecraft 
use. The vapor phase catalytic ammonia removal pro- 
cess offers this potential advantage! 15 ). A schematic 
of the process is shown in Figure 25. 

Waste water (urine) is vaporized, and the vapor stream 
is mixed with air or O 2 and passes through an oxida- 
tion reactor. Ammonia, urea and light organics are 
oxidized in this reactor. Water is condensed and 
separated, and the vapor phase then passes through a 
nitrous oxide (N 2 0) decomposition reactor which con- 
verts the N 2 0 to N 2 and 0 2 . Studies with “laboratory- 
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Figure 26. Solid Waste Management 
System/Space Shuttle 


MANNED TESTING AND LIFE SUPPORT 
INTEGRATION 

The majority of NASA's advanced life support R&D 
efforts have been directed at subsystem technologies 
or components, but there have also been efforts to in- 
tegrate subsystem technologies and to perform man- 
ned chamber tests with the most advanced life sup- 
port hardware available. These efforts were not 
directed particularly toward subsystem integration 
optimization, but they were directed toward manned 
chamber/life support subsystem hardware tests. The 
early manned chamber tests were performed suc- 
cessively at 30-, 60-, and 90-day durations! 18 - 19 - 2 °) 
under the sponsorship of Langley Research Center 

Prototype integrated life support subsystem hardware 
has also been developed for “integrated systems” pro- 
grams such as the Space Station Prototype (SSP) pro- 
gram (197V1975)(2i) and the Regenerative Life Support 
Evaluation /RLSE) program (1975-present) under the 
sponsorship of Johnson Space Center^), This hard- 
ware has included: EOC C0 2 concentration, Sabatier 
C0 2 reduction, SPE water electrolysis 0 2 generation, 
Independent Air Revitalization System (EDC C0 2 con- 
centration and WVE 0 2 generation), VCD urine water 
recovery subsystem, dynamic membrane wash water 
recovery subsystem, subsystem computerized C/M i 
and various components and sensors. The manned 
chamber tests and the testing of the SSP and RLSE 
hardware have been limited, but the subsystem SR&T 
program has benefited from both the hardware 
development phases and the test results. 


ENHANCED DURATION ORBITER 

As mentioned previously, the early Shuttle Orbiter 
flights will be limited to seven-day missions. In order 
to maximize the effective use of this Space Transpor- 
tation System, Extended Duration Orbiter (EDO) mis- 
sions of 30, 60 and 90 days are under active considera- 
tion. Such extended Orbiter missions will make It man- 
datory to reduce life support and auxiliary power (fuel 
cell) expendables. Significant weight savings for 
these missions can be realized by replacing the 


expendable lithium hydroxide canisters with a regen- 
erable/conlinuous C0 2 removal subsystem. For longer 
missions, an IARS may also become applicable 

It should also be emphasized that if auxiliary power 
supplies such as the Power Extension Package (PEP) 
or a full power module (25 kW) are substituted for the 
Orbiter fuel cells, large 0 2 and H 2 expendable re- 
quirements are eliminated; but large quantities of 
relatively clean fuel cell water will not be available for 
reclamation and subsequent use Water reclamation 
from humidity condensate and wash water would then 
become attractive and provide weight savings. 


SPACE OPERATIONS CENTER 

The Space Operations Center (SOC) has been conceiv- 
ed as a modular space station serviced by the Space 
Shutt'e. The SOC is a low earth orbit permanent man- 
ned facility with a 14,7 psia mixed gas atmosphere A 
Shuttle resupply interval of 90 days is planned. The 
nominal volume for SOC is 22,000 ft 3 , and the vehicle 
has been planned for a crew size of eight persons* 23 ). 

The SOC life support system is regenerative in order to 
minimize crew expendables. The life support system 
functional schematic and mass balances are shown in 
Figure 27. The baseline SOC life support system in- 
cludes the following subsystems: 

(1) liquid water electrolysis 0 2 generation (solid 
polymer or static-feed) 

(2) VCD urine water recovery 

(3) hyperfiltration wash water recovery 

(4) condensing heat exchanger humidity control 

(5) EDC C0 2 control 

(6) Sabatier C0 2 reduction 

(7) hydrazine dissociation N 2 generation 

The SOC life support system will regenerate all 
metabolic water and 0 2 requirements. The only crew 
expendable requirement is wet food. Resupply of N 2 H 4 
will be required for the N 2 generation subsystem and 
subsequent cabin leakage make-up. Some expend- 
ables will also be required for filters, chemical beds, 
urine pretreatment chemicals, etc. 

The SOC life support system configuration is planned 
so that reclaimed water from urine will be utilized 
primarily for 0 2 production. The system will provide 
drinking water reclaimed from cabin humidity conden- 
sate, water vapor from the C0 2 concentrating process 
and water from the C0 2 reduction process. The mass 
balance demonstrates that surplus reclaimed water 
will be available beyond that required by the crew and 
the life support processes. 

It should be Emphasized that the SOC program is cur- 
rently in the early definition phases, and it is possible 
that other life support subsystem technologies will 
replace the baseline subsystems in the future. The 
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Figure 27, Space Operations Center Life Support System Functional Schematic and Mass Balance 


controlling factors governing subsystem selection 
are, of course, the actual SOC project schedule and 
the concurrent subsystem development status. 


MANNED INTERPLANETARY 
LIFE SUPPORT SYSTEMS 

The life support functions lequired for manned in- 
terplanetary flight vehicles are essentially the same as 
those provided for Earth orbital space stations, re- 
generative air revitalization; water reclamation from 
humidity condensate, wash water and urine, and ad- 
vanced solid waste management techniques. 

It is anticipated that upgrading and possible substitu- 
tion of subsystem technology will occur in order to in- 
crease performance capability and reliability. Sub- 
system selection and system integration will be 
dependent on the significant vehicle trade offs that 
are relevant at the time of selection. 

A Controlled Ecological Life Support System {CELSS) 
that includes food production is considered to be non- 
competitive for a manned planetary flight vehicle, but 
a CELSS is applicable for space settlements (i.e., 
lunar, Mars, L§, etc.). 


FUTURE DEVELOPMENT REQUIREMENTS 

The ultimate goal of NASA’s advanced life support 
Research and Development (R&D) program is to 


develop the technology base for future manned space 
requirements. This program has been responsible for 
the successful developments that have been discuss- 
ed in the advanced technology section of this paper. 

It should be emphasized, however, that the current 
technology data base is not adequate for space mis- 
sion planners. A significant amount of additional 
development activity in systems, subsystems and 
components must be accomplished. It should also be 
emphasized that the advanced life support systems 
technology developed to date deals with chemical pro- 
cesses that require proper gas/liquid separation in 
reduced gravity. However, none of the regenerative 
systems/subsystems/components described in the 
advanced technology section cf this papei have been 
tested in reduced or zero gravity Long term tests on 
spacecraft, such as Spacelab, are absolutely essential 
to the data base generation and to mission planners 
Short term (approximately 30 sec) aircraft paraboMc 
flight tests will not suffice. 

NASA’s advanced life support R&D program must ad- 
dress these issues in order to guarantee an adequate 
technology base for future manned space missions. 
An adequate technology base will not guarantee that 
future manned missions such as SOC or interplan- 
etary flights will bo carried out. The failure to develop 
the technology base wiH guarantee either that "we 
aren’t going", or *bat future manned missions will re- 
quire concurrent program and project hardware 
developcients, which have historically resulted in 
large cost overruns (e.g., Shuttle). 
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In order to develop an adequate technology base, it is 
essential that additional R&D efforts at tho following 
technology levels be carried out: 

(1) Flight technology demonstrations 

(2) System developments 

(3} Subsystem developments 

(4) Components/parts developments 

(5) Engineering analysis/applications, system ?nd 
trade studies 

(6) Basic and applied research (scientific and 
engineering data) 


These efforts are essential for air revitalization, water 
reclamation and solid waste management 


It is obvious from the advanced technology develop- 
ment section of this paper that the development 
status for air revitalization, water reclamation and 
solid waste management systems differs significant- 
ly, with air revitaiization system/subsystem technol- 
ogy having the highest. A ten-year development plan 
that delineates the currently obvious additional 
technology level requirements for air revitalization is 
shown in Figure 28. This listing is not all-inclusive, but 
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4. COMPONENTS/PARTS 
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Figure 28. ARS Development Schedule According To Technology Levels 
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it clearly demonstrates the magnitude of R&D activity 
that must be performed in order to establish the re* 
quired air revitalization technology base. One of the 
Space flight technology demonstrations identified in 
Figure 28 is aSabatier based Air Revitalization System 
(ARS). A mock-up of this ARS flight demonstrator is 
shown in Figure 29. 

Program planning activities are required in order to 
establish similar ten-year program requirements for 
water reclamation ard solid waste management. The 
identified technology data gaps must, of course be fill- 
ed if advanced water reclamation and solid waste 
management systems technology :s to be selected 
and baselined for future manned space flight hard- 
ware. 





Figure 29. ARS Space Flight Demonstrator 
Mock-Up 
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